A novel Bacillus gene was isolated and characterized. It encodes a homolog of Saccharomyces cerevisiae Pet112p, a protein that has no characterized relative and is dispensable for cell viability but required for mitochondrial translation. Expression of the Bacillus protein in yeast, modified to ensure mitochondrial targeting, partially complemented the phenotype of the pet112-1 mutation, demonstrating a high degree of evolutionary conservation for this as yet unidentified component of translation.
Mitochondria originated as eubacterial endosymbionts, but they are fully integrated eukaryotic cellular organelles whose genetic systems are highly diverged from those of present day bacteria (12, 13, 26) . The vast majority (in many species, all) of the proteins necessary for translation within mitochondria are encoded by nuclear genes, synthesized in the cytoplasm, and imported into the organelles (1) . Some of these proteins appear to carry out organelle-specific functions since they have no known homologs in prokaryotes (10, 14) . In addition, a number of Saccharomyces cerevisiae nuclear genes have been identified that encode mitochondrial proteins whose functions in organellar translation can be inferred from their sequence homology to previously known components of bacterial translation systems (10, 23) . The yeast nuclear gene PET112 was identified by a partially defective nuclear mutation, pet112-1, that prevents normal mitochondrial translation but does not interfere with maintenance of the mitochondrial genome (15) . However, Pet112p is essential for mitochondrial translation since a null pet112 mutation causes loss of mitochondrial DNA (mtDNA) (15) , a phenotype that results from the total inactivation of organellar gene expression (16) .
The protein synthesizing machineries found in the cytoplasm and the mitochondria of a eukaryotic cell (e.g., yeast) differ significantly (25) . For instance, their tRNAs and aminoacyltRNA synthetases are mostly products of different genes (11a, 22) and poor cross-charging has been demonstrated between the tRNAs and synthetases from these different locations (6) . In the few cases examined, mitochondrial aminoacyl-tRNA synthetases have been found to have more in common with their bacterial counterparts, both in amino acid sequence (5) and in tRNA specificity in vitro (7) . Here, we demonstrate that a mutation in a yeast nuclear gene, PET112, which carries out an as yet unknown function in mitochondrial translation, can be complemented in vivo by expression of a homologous Bacillus subtilis gene.
In our studies of glutaminyl-tRNA formation in B. subtilis, we purified a protein which we thought to be Glu-tRNA Gln amidotransferase. This enzyme (reviewed in reference 24), known to be present in gram-positive eubacteria, mitochondria, chloroplasts, and Archaea (19) , is essential for Gln-tRNA synthesis as it amidates Glu-tRNA Gln to Gln-tRNA Gln . Thus, it substitutes for glutaminyl-tRNA synthetase, which is missing in these organisms and organelles. However, the protein did not have Glu-tRNA Gln amidotransferase activity, as its overexpression in B. subtilis did not increase glutaminyl-tRNA formation. When the gene, cloned from B. subtilis 168M, was sequenced (GenBank accession no. U49790), database searches revealed that it encodes a protein with significant homology to the S. cerevisiae Pet112p protein and its homologs in other organisms (see Fig. 2 ). To determine whether the sequence homology between the proteins encoded by the PET112-like B. subtilis gene and the S. cerevisiae PET112 gene reflected functional homology, we tested whether the bacterial gene could complement the pet112-1 mutation in yeast. Since the yeast protein Pet112p is most likely targeted to mitochondria by its amino- (15) was transformed with the plasmid pMXT36 (B) or with the corresponding empty vector, pRS316 (20) (C). The transformants were then patched to a minimal glucose medium plate (synthetic dextrose containing histidine, leucine, and lysine [17] ) along with a wild-type control, DL1 (MATa lys2 [rho ϩ ]) (9) (A). This plate was replica plated to nonfermentable medium (YPEG [11] ), incubated for 3 days at 30°C, and photographed.
terminal sequence (18), we first created a chimeric gene encoding the first 31 Pet112p amino acids fused to all but the first 7 amino acids of the full-length B. subtilis Pet112p-like protein.
To ensure expression of this gene in yeast, the chimeric gene also included the PET112 promoter region. This construct was then inserted into the centromeric replicating vector pRS316 (20) to create pMXT36. To test for complementation, pMXT36 and the empty vector pRS316 were separately transformed (17) into the pet112-1 mutant strain JKR15 (15) . The transformants were grown as patches on minimal glucose medium, selecting for the plasmid-borne URA3 marker, and then transferred to nonfermentable medium by replica plating (Fig.  1) . The transformant carrying the empty vector exhibited the extremely poor respiratory growth phenotype of the original pet112-1 mutant (Fig. 1C) . The transformant carrying the chimeric B. subtilis gene grew markedly better than the mutant (Fig. 1B) , although not as well as a wild-type strain (Fig. 1A) . In liquid nonfermentable medium (YPEG [11] ), the approximate generation time of the transformant carrying the B. subtilis gene was 20 h, while those of the mutant carrying the empty vector and of the wild type were 35 h and 2.5 h, respectively.
To confirm that the B. subtilis gene was indeed responsible for improved respiratory growth of the transformant, we isolated from it mitotic progeny that had lost the URA3-carrying plasmid (2) . As expected, loss of the plasmid led to a restoration of the original pet112-1 mutant respiratory phenotype. To be certain that plasmid loss had not resulted in loss of mtDNA, these strains were mated with a [rho 0 ] tester strain lacking mtDNA. In all cases the resulting diploids exhibited a wildtype respiratory phenotype, demonstrating that plasmid loss had not affected mtDNA. Thus, expression of the PET112-like B. subtilis gene in yeast partially complements the pet112-1 mutation, demonstrating that these genes are functional homologs.
At least two other nonrespiratory nuclear mutations of yeast can be complemented by expression of conserved homologous genes from humans or fission yeast (3, 4) . However, in these cases, the yeast nuclear genes, OXA1 and ABC1, function in the posttranslational assembly of respiratory complexes, since null mutations do not interfere with maintenance of mtDNA. The yeast nuclear gene PET56, like PET112, is required for global mitochondrial gene expression. Pet56p catalyzes the ribose methylation of a universally conserved nucleotide in the mitochondrial large rRNA and also methylates the same position in an Escherichia coli large rRNA transcript in vitro (21) . However, to our knowledge neither this ribose methylase nor any other component of the mitochondrial translation system has been tested for cross-species functional complementation in vivo.
Genes encoding complete homologs of S. cerevisiae Pet112p have been found in diverse gram-positive and gram-negative eubacterial species (Bacillus, Mycoplasma, Moraxella, and Synechocystis), in the archaebacterial species Methanococcus jannaschii, and in nuclear DNA of the filamentous fungus Emericella nidulans. The predicted proteins are strongly conserved (identities with the Bacillus protein vary from 33 to 50%). The alignment in Fig. 2 shows certain well-conserved regions, but it does not give any indication of what the function of the protein might be. However, Pet112p is apparently not a component of all genetic systems, since the complete genomes of E. coli (GenBank accession no. U00096) and Haemophilus influenzae (8) , both gamma purple bacteria, do not encode obvious Pet112p homologs. The Pet112p protein does not show any homology to glutamyl-or glutaminyl-tRNA synthetases; it may still be a part of the Glu-tRNA Gln amidotransferase. Pet112p and its B. subtilis homolog carry out a highly conserved but as yet unidentified function in translation. The fact that the bacterial protein functions moderately in yeast mitochondria indicates that whatever interacts with Pet112p must be highly conserved as well.
